Viral insults that occur during early postnatal periods, can affect neuronal systems which exhibit signi®cant postnatal development, such as the cerebral cortex and cerebellum. Borna disease virus (BDV) is a single-strand RNA virus which replicates in the nervous system of many species after experimental inoculation and causes acute neurological disease. Neonatal rats infected with BDV do not mount an aggressive response to the virus like their adult counterparts, but instead develop a persistent BDV infection with less overt clinical sequelae. Recently, the cerebellum, a neural structure associated with regulation of motor behavior, and perhaps with higher cognitive functions, has been demonstrated to be a target of neonatal BDV infections in rats (Bautista et al, 1995) . In the present study neonatal rats were infected with BDV and their cerebella were analyzed histologically and immunohistochemically at 7 months of age. The cerebella of infected animals were reduced in size but normal foliation and laminar organization was present. However, as visualized with immunohistochemistry for the Purkinje cell-speci®c antigen calbindin, there were numerous gaps within the Purkinje cell layer and in the molecular layer which contains the Purkinje cell dendritic trees. We estimated the number of Purkinje cells and found there was an approximately 75% loss of PC in adult rats neonatally infected with BDV. These results suggest that neonatal BDV infection may either (1) target the PC and cause the death of these cells directly or (2) acts indirectly by triggering an immune response which is then responsible for the loss of these cells.
Introduction
Viral infections frequently target the nervous system and cause neurodegenerative and neurobehavioural consequences. Infections which occur during embryogenesis can cause congenital malformations of the central nervous system (Oakley et al, 1986; Seay and Grif®n, 1981) . Viral insults which occur during early postnatal development can affect neuronal systems which exhibit signi®cant postnatal development, such as the cerebral cortex and the cerebellum. These malformations can manifest themselves as subtle alterations of cell genesis, migration, differentiation and connectivity. Although not visibly obvious, such malformations can have important consequences on the function of the nervous system. They may lead to altered neuronal irritability, decreased learning and memory capabilities, and emotional and motivational abnormalities expressed as neuropsychiatric disorders.
Borna disease virus (BDV) is a single-strand RNA virus which replicates in the nervous system of many species after experimental inoculation (Carbone et al, 1987; de la Torre et al, 1990; Lipkin et al, 1990 ) and causes acute neurologic disease which, evidently, is somewhat variable in its outcome at least partly due to the strain of BDV used. The manifestations of the infection, which is often lethal, are typically characterized by ataxia, hyperactivity and aggressive behavior. Extensive studies, primarily in the rat, have revealed that the severe, acute Borna disease seen in immunocompetent adult rats as well as other laboratory animals and in the natural infection of horses and sheep, is likely to be the result of an aggressive immune response to the virus rather than the virus infection itself Rott et al, 1988; Stitz et al, 1995) . Thus, rats made immunologically tolerant of BDV antigens or treated with immunosuppressive therapy do not develop acute Borna disease (Carbone et al, 1991; Morimoto et al, 1996; Narayan et al, 1983; Stitz et al, 1989) . During the perinatal period the rat immune system is not fully mature and contact with antigen often leads to immunological tolerance of that antigen (Billingham et al, 1953; Burtles and Hooper, 1990) . Neonatal rats infected with BDV do not mount an aggressive response to the virus like their adult counterparts, but instead develop a persistent BDV infection with less overt clinical sequelae (Carbone et al, 1987) .
The detection of antibodies to BDV in sera of patients with major affective illness Bechter et al, 1992; Bode et al, 1988; Rott et al, , 1991 VandeWound et al, 1990; Waltrip et al, 1995) has led to attempts to identify BDV in human psychiatric patients. The results of these studies are highly controversial in either identifying or failing to detect evidence of BDV infection in peripheral blood cells and brain tissue from psychiatric patients (Bode et al, 1995; Kishi et al, 1995a,b; Richt et al, 1990) . Evidence supporting this notion of an association between BDV and psychiatric illness also comes from studies which show disturbances in the catecholamine system in rats infected with BDV (Solbrig et al, 1996a, b) . The possibility that a covert neurotropic BDV infection may contribute to human psychiatric disease emphasizes the importance of understanding the relationship between the virus and its host in models where severe disease does not occur, such as in rats infected with BDV at birth.
Recently, the cerebellum, a neural structure associated with regulation of motor behavior, has been demonstrated to be a target of neonatal BDV infections in rats (Bautista et al, 1995) . In addition to motor control, the cerebellum has also been implicated in higher cognitive functions (BrackeTolkmitt et al, 1989; Daum et al, 1993; Leiner et al, 1989) . In particular, perceptual timing tasks have been shown to be impaired in patients with cerebellar lesions (Ivry and Keele, 1989) . This neuronal structure exhibits signi®cant postnatal development, and has been shown to be a target of neonatal viral infections such as lymphocytic choriomeningitis virus (LCMV), rat parvovirus and reovirus (Margolis et al, 1971; Monjan et al, 1971 Monjan et al, , 1973 Oster-Granite and Herndon, 1986; Raine and Fields, 1973) . Neonatal infection with BDV in Lewis rats has been reported to result in a premature loss of the external granule cell layer (egl), the germative layer for the production of granule cells which populate the internal granule cell layer (igl). In addition, there was a reduced cerebellar size reported. Even though infected granule cells were not detected, the reduced cerebellar size was attributed to a signi®ant loss of granule cells (Bautista et al, 1995) . Purkinje cells were shown to harbor BDV proteins although there did not appear to be a loss of these cells (Bautista et al, 1995) . Reactive astrocytosis was detected with the use of antibodies against glial ®brillary acidic protein (GFAP) as early as 3 days post-infection (Bautista et al, 1995) . Neuropathological sequalae of other viral infections can result in loss of Purkinje cells, either as a direct consequence of the infection in that cell type or as a secondary consequence of the loss of other cell types (Monjan et al, 1973) . For example, viruses such as reovirus (Margolis et al, 1971 ) and lymphocytic choriomeningitis virus (Monjan et al, 1971) have been shown to produce cerebellar pathology including loss of Purkinje cells. Other, non-viral, insults such as traumatic brain injury (Fukada et al, 1996) , lithium toxicity (Grignon and Bruguerolle, 1996) and autoimmunity associated with neoplasms (Jaeckle et al, 1985) have also demonstrated the vulnerability of Purkinje cells. Considering this vulnerability and the presence of BDV proteins within Purkinje cells we decided to reinvestigate the Purkinje cells in adult rats subjected to neonatal BDV infection.
Results

Behavior
No overt neurological symptoms were observed at the time of sacri®ce (7 months). In general the rats displayed an increased degree of jitteriness and were highly responsive to touch and loud noises but did not display overt ataxia or myoclonic seizures.
Gross cerebellar morphology
The cerebellum of infected animals (sacri®ced at 7 months of age) was reduced in size ( Figure 1 ). There was a reduction in both the antero-posterior and medio-lateral dimensions of the cerebellum ( Figure  1 ). This was not quanti®ed. The normal foliation was present but each folium was smaller. 
Histological analysis
Sections stained with cresyl violet revealed that the cerebellar laminar organization seen in the control animals ( Figure 2A ) is also present in the BDV infected animals ( Figure 2B ). From the pial surface inward, the molecular, Purkinje cell and granular layers are present in both the control and BDV infected animals. At low magni®cation these layers look relatively normal, especially the molecular and granular layers (Figure 2 ). It is also clear that the folial pattern in the control and BDV animal, as seen in parasagittal sections, is almost identical (Figure 2 ). However, within the Purkinje cell layer, which normally forms a continuous monolayer of large perikarya, there are numerous gaps where there is an absence of Purkinje cells. This reduction in the number of Purkinje cells is visible in enlarged Nissl stained photomicrographs ( Figure 3 ) and is even more readily apparent in both coronal and parasagittal sections immunoreacted for the Purkinje cell-speci®c antigen, calbindin (Figure 4) . In contrast to the even distribution of Purkinje cells seen in the control animal there are gaps in the staining of immunoreactive somata in the BDV infected animals. In addition, there are also gaps in the immunostaining of the dendritic trees of the Purkinje cells within the molecular layer. In the uninfected animal there is uniform staining of the molecular layer ( Figures 4A, B and 5A , B) whereas in the BDV infected animal this immunoreactivity is patchy with immunonegative areas intervening between immunoreactive areas (Figures 4C, D and 5C, D) . These qualitative analyses clearly suggested that there was a reduction in the number of Purkinje cells in the BDV infected animals.
Quantitation of Purkinje cells
We obtained an estimate of the difference in the number of Purkinje cells between neonatally BDV infected and control animals by counting the number of anti-calbindin immunoreacted cells in six similar parasagittal sections from each uninfected (n=2) and infected (n=5) animal. We did not correct the quantitative results for changes in cerebellar size as this would have only increased the differences observed, since BDV infected brains are smaller. The intent was to determine the difference in the number of PC in six parasagittal sections from each animal as an estimate of the total difference in Purkinje cell number. A count of PC in six sections in each animal was obtained and this was used to determine a mean for the BDV infected (n=6) versus (n=2) animals. The mean number of PC in the six sections in the BDV infected rats was 1308 or 25.5% of the mean number of PC (5128) in the six sections in control rats ( Figure 6 , Table 1 ). Thus, there was an approximately 75% loss of PC (P5.001 by the t-test) in adult rats neonatally infected with BDV. The distribution of immunoreactive Purkinje cells is somewhat variable. Some lobules appear to contain a fairly uniform complement of Purkinje cells whereas other lobules appear to be mildly or severely de®cient in Purkinje cells (see Figure 4D ). Although no attempt was made to quantitate the number of granule cells, the thickness of this layer in the BDV-infected rats appears to be similar to the control rats. However, since the cerebella of the infected rats was smaller overall, one would anticipate a reduction in the total number of granule cells.
BDV immunoreactivity
Immunoreactivity was associated with most surviving Purkinje cells when sections are stained with a monoclonal antibody against the BDV protein p38 (Figure 7) . Somewhat more Figure 2 Photomicrographs of parasagittal sections of adult brains from an uninfected (CONT) and a neonatal infected BDV rat. Notice that the foliation and the cytoarchitectural lamination of the cerebella are very similar in both animals. In addition, there does not appear to be any obvious reduction in the thickness of the molecular (ml) and/or granular layers (gl). cn=cerebellar nuclei, IC=inferior colliculus, Pcl=Purkinje cell layer, wm=white matter. Bar=280 mm. intense immunoreactivity could be seen within the nuclei of the Purkinje cells. Purkinje cells in control animals do not exhibit staining above background levels ( Figure 7C ). The other cellular constituents of the cerebellum are immunonegative except for an unidenti®ed population of small cells sparsely distributed within the granular layer (Figure 7 ).
Discussion
The results of this study clearly demonstate that neonatal rats experimentally innoculated with BDV and examined at maturity, demonstrate a reduced cerebellar size and a signi®cant loss of PC. This loss of PC is distributed throughout the cerebellum and results in empty spaces along the PC monolayer. Because of the reduced size of the cerebellum granule cells must also be reduced even though the thickness of the granular layer in sectioned material Signi®cance of the differences between control and BDV infected mean PC counts is P5.001 by the t-test.
does not appear much different from that seen in the uninfected animal. Thus, the reduced size of the cerebellum is due to a large loss of Purkinje cells and a secondary loss of granule cells, their presynaptic partners. Purkinje cells and their elaborate dendrites, and massive number of granule cells account for most of the mass of the normal cerebellum. Reduction in these cell populations will therefore reduce the overall size of the cerebellum as seen in the neonatally BDV infected animals. These results are somewhat different from those obtained in a developmental analysis of neonatal BDV infection in rats done by Bautista et al (1995) . Their analysis of animals at different ages postinjection, up to postnatal day 30 demonstrated a reduction in size of the cerebellum. This reduced size could not be accounted for by postweaning malnutrition. Their data also suggested a premature loss of the external granular layer, the germinal layer which gives rise to granule cells. A consequence of this was a reduction in the area of the molecular and internal granular layer (igl) as measured together, and of the igl as measured independently. This is consistent with our ®nding of a smaller cerebellum in the BDV infected animals. A smaller cerebellum would contain fewer granule cells unless proportionately more of the cerebellum was taken up by granule cells. This is clearly not the case. Although we did not measure the igl, we did not see any obvious decrease in the thickness of the igl (Figures 2 and 3) , so the reduced area of granule cell layer could be simply due to a smaller cerebellum.
Our data are in agreement with Bautista et al (1995) concerning the presence of the BDV protein in most surviving PC (Figure 7) . They reported these cells to be the only cerebellar cells that are immunoreactive to the anti-BDV antibody. Our data indicate there is also immunoreactivity in an unidenti®ed small cell population which is scattered within the igl. Although it is not completely clear, it seems as though Figure 4 in their manuscript illustrates similar immunoreactive small cells in the igl.
More signi®cantly, Bautista B et al. (1995) report that there was no loss of Purkinje cells in BDV infected neonatal Lewis rats examined at various times up to 30 days post-infection. As reported above, this is in contrast to the approximately 75% loss of these cells in our BDV-infected rats. This discrepancy could be due to a number of factors: (1) method of experimental infection; (2) our use of PCspeci®c staining techniques leading to recognition of the loss; (3) different BDV strains or (4) the loss of PC could occur after P30, the latest timepoint analyzed in their study. Whatever, the reason, it is very clear that in our experimental model of neonatal BDV infection in Lewis rats, there is signi®cant loss of PC. In this context it is important to point out that all PC are generated during embryonic days 13 ± 15, well before the time of infection in these studies. This might suggest that the developmental model in which BDV interferes with cell genesis and/or`luxury functions' of PC may be premature (Bautista et al, 1995) . Instead, neonatal BDV infection may either (1) target the PC and cause the death of these cells directly or (2) act indirectly by stimulating an immune response which is then responsible for the loss of these cells. It is known that PC are sensitive to immunological attack (Graus et al, 1988; Jaeckle et al, 1985; Rodriquez et al, 1988) . Thus, the loss of PC after neonatal BDV infection may suggest that tolerance of BDV antigens in these rats may not be complete or that tolerance of BDV antigen diminishes as the animals age. A more complete analysis of the temporal aspects of PC loss after infection will address these possibilities.
With regard to the functional consequences of such a dramatic loss of Purkinje cells it is most interesting that these neonatally infected rats do not exhibit an obvious ataxia. Severe loss of Purkinje cells during the ®rst postnatal month is often associated with motor ataxia in neurological mutant mice (Goldowitz and Eisenman, 1992) . The fact that these rats do not exhibit an obvious ataxia suggests the loss of Purkinje cells is not immediate and/or occurs over a protracted period of time. Late onset and protracted Purkinje cell loss could permit the development of compensatory mechanisms to be established and thus motor ataxia may not develop or may not be that visible without speci®c testing.
Materials and methods
BDV injections
One-to two-day-old Lewis rats were injected intracranially with 20 ml of a 1/10 dilution of BDV virus infected rat brain homogenate (crude brain emulsion). When the infected rats were 7 months of age they were given an overdose of Ketamine (80 mg/kg containing 10 ± 20 mg/kg xylazine i.m.) and perfused transcardially with 100 ml of phosphate buffered saline (PBS) containing 5 g/l procaine and 20 000 IU heparin. This was followed by 50 ml PBS and then 200 ml of Bouin's ®xative. The brains were removed and post®xed for 10 days in 70% ethanol and then blocked and embedded in paraf®n. Sections were cut at 10 mm from the cerebellar blocks in either the coronal or sagittal plane. Sections were then stained with cresyl violet or immunohistochemically processed with antibodies against (1) calbindin, a Purkinje cell speci®c (within the cerebellum) calcium binding protein (LeGrand et al, 1983) , or (2) a monoclonal anti-BDV antibody.
Standard immunohistochemical procedures were used (Sternberger, 1979) . Appropriate positive and negative controls were also processed to determine the speci®city of the immunoreactivity. Sections were deparaf®nized, and hydrated through a series of graded alcohols to water. Sections were incubated with 10% normal horse serum (NHS) for overnight. After 365 min rinses in phosphate buffered saline PBS the sections were incubated in primary antiserum (diluted 1 : 200 in 10% NHS) overnight. After 365 min rinses in PBS, the sections were incubated in the appropriate secondary antibody conjugated to horseradish peroxidase. After three rinses in PBS, the sections were reacted for HRP using diaminobenzidine as the chromagen to give a brown reaction product. The sections were then examined using light microscopy.
Quantitation of Purkinje cells
Six similar parasagittal sections stained with anticalbindin were selected from infected (n=5) and uninfected (n=2) rats and were used to estimate the number of Purkinje cells in these animals. In the cerebellum, anti-calbindin is Purkinje cell-speci®c thus facilitating quantitative analysis of this cell type within the cerebellum.
The experiments conducted in this study have been reviewed and approved by the Institutional Animal Care and Use Committee of Thomas Jefferson University.
